Omniphobic surfaces, i.e. which repel all known liquids, have proven of value in applications ranging from membrane distillation to underwater drag reduction. A limitation of currently employed omniphobic surfaces is that they rely on perfluorinated coatings, increasing cost and environmental impact, and preventing applications in harsh environments. There is, thus, a keen interest in rendering conventional materials, such as plastics, omniphobic by micro/nano-texturing rather than via chemical make-up, with notable success having been achieved for silica surfaces with doubly reentrant micropillars. However, we found a critical limitation of microtextures comprising of pillars that they undergo catastrophic wetting transitions (apparent contact angles, θ r → 0° from θ r > 90°) in the presence of localized physical damages/defects or on immersion in wetting liquids. In response, a doubly reentrant cavity microtexture is introduced, which can prevent catastrophic wetting transitions in the presence of localized structural damage/defects or on immersion in wetting liquids. Remarkably, our silica surfaces with doubly reentrant cavities could exhibited apparent contact angles, θ r ≈ 135° for mineral oil, where the intrinsic contact angle, θ o ≈ 20°. Further, when immersed in mineral oil or water, doubly reentrant microtextures in silica (θ o ≈ 40° for water) were not penetrated even after several days of investigation. Thus, microtextures comprising of doubly reentrant cavities might enable applications of conventional materials without chemical modifications, especially in scenarios that are prone to localized damages or immersion in wetting liquids, e.g. hydrodynamic drag reduction and membrane distillation.
INTRODUCTION
Natural and human-made surfaces are termed as omniphobic if they have a tendency to repel all liquids; droplets of liquids placed on omniphobic surfaces exhibit apparent contact angles, θ r > 90°. Omniphobic surfaces are employed in numerous applications including selfcleaning mirrors and windshields, [1] [2] anti-icing coatings, 3 membrane distillation, 4-5 membrane vapor extraction, 6 oil-water separation, [7] [8] and reduction of hydrodynamic drag [9] [10] [11] [12] [13] and biofouling 14 . Typically, omniphobicity is achieved by stabilizing/trapping air between the liquid and the solid surface (also known as Cassie-states or partially-filled states) 15 and preventing wetting transitions to the fully-filled (Wenzel state) 16 . A limitation of current omniphobic surfaces, however, is their reliance on perfluorinated chemicals, 1-4, 7-9, 14, 17-23 which restricts their usage due to degradation under harsh physical and chemical conditions, [24] [25] [26] cost, and environmental and health concerns. [27] [28] Thus, there exists a need for alternative strategies to render conventional materials, such as polyethyleneterepthalate (PET), aluminum, and lowcarbon steels, omniphobic without using perfluorinated compounds. In this direction, theoreticians and experimentalists have proposed several surface topographies comprising of overhanging (reentrant) features, mostly pillars, which could trap air and prevent penetration of liquids. [29] [30] [31] [32] [33] [34] [35] [36] [37] Most recently, inspired by the skin of Springtails (Collembola), 34, [38] [39] Liu and Kim microfabricated arrays of doubly reentrant pillars on silicon wafers that exhibited still greater omniphobicity, now termed superomniphobicity, defined by apparent contact angles θ r > 150°
and extremely low contact angle hysteresis for a variety of polar and non-polar liquids (though, some non-polar liquids, such as FC-40 and FC-70, imbibed into the microtexture over time via capillary condensation). [40] [41] We consider this approach to be crucial in creating next-generation applications of omniphobic surfaces from conventional materials.
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Interestingly, in our investigation, we found that intrinsically wetting surfaces with micropillars-simple, reentrant, and doubly reentrant-suffer from catastrophic wetting transitions in the presence of localized physical damage/defects or on immersion in wetting liquids (more weaknesses were recently listed by Werner and co-workers 37 ). We provide a demonstration of catastrophic wetting transitions in the presence of localized damage/defects and immersion in wetting liquids by placing a drop of water at the edge of a silica surface with doubly reentrant micropillars ( Figure 1A , Figure S1 and Movie S1 in SI). Interestingly, the sites of localized physical damage/defects could act as wicks for wetting liquids. The Laplace pressure of the invading liquid menisci, ܲ = ߛ ሺ1 ‫ݎ‬ ଵ ⁄ + 1 ‫ݎ‬ ଶ ⁄ ሻ, expels the air trapped within the micropillar texture, where γ LV is the surface tension of the liquid and ‫ݎ‬ ଵ and ‫ݎ‬ ଶ are the orthogonal radii of curvature of the liquid-vapor interface ( Figure 1A ). 42 As a result of these catastrophic wetting transitions, apparent contact angles could reduce instantaneously from θ r ≥ 150° to θ r → 0°, which would impact potential applications. Thus, we submit that all known pillar-based microstructures might be unsuitable for applications that risk localized physical damage or immersion in wetting liquids. In response to these serious limitations, we considered microfabricating surfaces with doubly reentrant cavities -we foresaw that doubly reentrant edges of cavities would stabilize Cassie-states and the compartmentalized nature of cavities would prevent the spread of catastrophic wetting transitions from localized damages/defects ( Figure   1B ).
RESULTS AND DISCUSSION
We microfabricated doubly reentrant cavities ( µm) exhibited poorer surface finish due to the resolution limit of our photolithographic techniques, so we focused on samples with larger pitch (L = D + 12 µm). Table S1 in the SI presents a summary of various doubly reentrant cavities and pillars that were investigated for this study. Table S1 and Section Si in the SI). Since the characteristic sizes of the sessile drops were lower than their capillary lengths, and the volume of the air-filled cavities underneath Interestingly, we found that contact angle hysteresis of wetting liquids on doubly reentrant silica cavities was significantly larger than for doubly reentrant pillars ( Figure 3) . As a consequence, drops of water (or mineral oil) did not bounce off from the surface of doubly reentrant cavities. We consider that in the case of pillars, the receding liquid meniscus detaches periodically from disconnected pillars, whereas for cavities, connected wetting pathways pervade, which promote pinning and low receding contact angles (θ R ). [43] [44] [45] Fascinatingly, when we observed receding water menisci on our doubly reentrant silica cavities via upright optical microscopy, we noticed suspended films of water (hereafter referred to as 'capillary bridges') left behind at the mouths of the cavities ( Figure 5 and Movie S2 in the SI). Subsequently, due to evaporation, capillary bridges thinned out and broke, leading to fine microdroplets, some of which can be seen in Figure 5 (F). We could not investigate evolution of capillary bridges in the case of mineral oil because they did not evaporate under our experimental conditions. While the time-and speed-dependent dynamics of formation/breaking of these capillary bridges is beyond the scope of this work, we consider them to contribute to contact angle hysteresis. 46 We speculate that a hierarchical structure comprising of nanoscale doubly reentrant pillars onto doubly reentrant cavities might present a solution (Section S3 in the SI). For completeness, we also investigated effects of coating our microtextured silica surfaces with perfluorodecyltrichlorosilane (FDTS) on the contact angle hysteresis with water and mineral oil (Details in the Experimental Section). Whereas drops of water falling from a height of 6 mm on our FDTS-coated samples bounced off indicating low contact angle hysteresis (Movie S3, SI), 7 mineral oil drops did not ( Figure S4 in the SI, displays intrinsic, advancing and receding contact angles for both the liquids).
As demonstrated above, silica surfaces with doubly reentrant pillars underwent catastrophic wetting transitions if a wetting liquid, such as water or mineral oil, was placed at the edge of the microtexture (Movie S1 in SI), or if the surface was immersed in a wetting liquid. In fact, all intrinsically wetting surfaces with pillar geometries-doubly reentrant, reentrant, or nonreentrant-would exhibit this behavior ( Figure 1A ). In contrast, on silica surfaces with doubly reentrant cavities, we found that there were no catastrophic wetting transitions if water or mineral oil was placed on the edges (Movie S4 in SI and Figure 1B ), or if surfaces were immersed in wetting liquids, or if there were localized physical damages/defects ( Figure 4 ).
Next we investigated time-dependence of wetting of doubly reentrant cavities on silica surfaces immersed in water and mineral oil ( Figure 4 and Figure S5 in the SI). For consistency, all the microtextured silica samples were cleaned with piranha solution and stored in sealed polystyrene petri dishes in a clean nitrogen flow cabinet for two weeks (Details in the Experimental Section). As a result, the intrinsic contact angle of water on smooth silica stabilized from θ o ≈ 0° to θ o ≈ 40°, which is indicative of partial dehydration of the surface and unavoidable adsorption/desorption of airborne contaminants in equilibrium with the local environment. [47] [48] [49] Thus, we consider our surfaces to be representative of common wetting surfaces in the real world. We placed our silica surfaces with doubly reentrant cavities under a ~5 mm column of deionized water (hydrostatic pressure, ܲ ு = ߩ݃ℎ = 49 ܲܽ) and observed from the top using an Edmund USB3 monochrome camera at a speed of 2 frames/sec ( Figure 4 ). Since light reflected by a flat air-water interface is markedly different from light reflected by bulged menisci, we could differentiate between them ( Figure 4A and 4G, respectively). We found that (Figure 4E-G) . This upward bulging continued for about two weeks after which it slowed down and decreased, driven by dissolution of air in water ( Figure 4G-I ). To test our claim that the doubly reentrant cavities would prevent catastrophic wetting transitions in the presence of localized physical damage/defects, we included cavities that were interconnected, i.e.
damaged, during the microfabrication process, in the immersion experiment. Here we indicate specific cavities by (Column#, Row#) in the snapshots at various times to explain our observations. We observed that water readily penetrated into the interconnected cavities (# [1, 3] , [1, 4] and [2, 3] ) and a portion of trapped gas was released as a bubble. A smaller bubble was left behind, which dissolved over time (cavity # [2, 3] in Figure 4A-F) . However, the surrounding cavities remained undisturbed. In a nutshell, we found that 90% of the water-wet silica cavities stored underwater did not get filled even after 30 days. We also performed immersion experiments with mineral oil and found that menisci stabilized at the doubly reentrant edges followed by downward bulging, most probably because of the dissolution of gases in mineral oil 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 pressure of 103.1 kPa ( Figure S6 A-C, in the SI), beyond which, water penetrated ( Figure S6 D, in the SI). We consider that some cavities failed quicker than others due to inhomogeneity in our microfabrication process as mentioned earlier. Interestingly, under enhanced pressure, trapped air dissolved faster and wetting transitions towards the fully-filled state were found to be quicker.
Even though catastrophically wetting transitions are prevented even in the presence of localized physical damage/defects on doubly reentrant cavity microtextures, we know that at the thermodynamic equilibrium wetting liquids will completely fill the cavities. [56] [57] [58] [59] [60] [61] However, the kinetics of wetting transitions could be tuned via intrinsic contact angles, shapes and sizes of cavities (including doubly reentrant edges and corner radii), rates of capillary condensation and imbibition through corners, and the solubility of the trapped gas in the liquid. We would like to clarify that doubly reentrant cavities could prevent catastrophic wetting transitions in the presence of localized surface damage/defects only, but not under uniform surface damage, such as incurred during a Crockmeter test. While our silica microtextures are quite fragile, our expectation is that this proof-of-concept could be translated to commonly available robust materials via inexpensive methods, such as injection molding. 69 Having said Remarkably, due to the compartmentalized nature of this microtexture, catastrophic wetting transitions could be prevented even in the presence of localized surface damage/defects or immersion in wetting liquids, including water and mineral oil. While the apparent contact angles of water and mineral oil on our silica surfaces with doubly reentrant cavities were θ r > 120°, contact angle hysteresis was quite high. We consider that formation of capillary bridges at the mouths of cavities left behind receding liquid meniscus might be responsible for this behavior.
We anticipate that insights from this work might advance the development of robust omniphobic surfaces exploiting common materials without further chemical modification, especially for applications that are prone to localized damages or immersion in wetting liquids. For further insights into the dependence of wetting transition mechanisms on intrinsic contact angles, shapes of cavities, and capillary condensation concerted experimental and theoretical investigations are needed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 for mineral oil, both on silica). The receding contact angles for water and mineral oil were smaller than 5°. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 of trapped air, followed by a gradual reduction in bulging, perhaps due to dissolution of trapped air in water, and did not get filled by water during the duration of the experiment. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 films of water receding amidst capillary bridges. (E-F) A capillary bridge isolated from neighbors. We speculate that these bridges evaporate faster at the center than at boundaries and eventually break. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 at 1800 W, SF 6 at 110 sccm, at T = 15 °C for 25 s). Then, a 300 nm layer of thermal oxide was grown over the etched wafer, using a Tystar furnace system. The top and bottom layers of thermal oxide were subsequently etched using the same recipe as in the first SiO 2 etching step.
FIGURES
The next steps included a repetition of the 4 cycles of the anisotropic process used before, a piranha cleanse, followed by the isotropic step described earlier, to create the void behind the added sidewall of thermal oxide, which then formed the doubly reentrant rim at the edge of the The following file is available free of charge.
Section S1, S2 and S3, refer to calculation of cavity dimensions and capillary lengths, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 application of Cassie-Baxter model and possible strategies to decrease contact angle hysteresis on surfaces with doubly reentrant cavities. 
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